is an open access repository that collects the work of Arts et Métiers ParisTech researchers and makes it freely available over the web where possible. Biomimetics, as the transfer of strategies from biology to technology, is an emerging research area and has led to significant concepts over the past decades. The development of such concepts is described by the process of biomimetics, encompassing several steps. In Practice, beneficiaries of the process face challenges. Therefore, to overcome challenges and to facilitate the steps, tools have been developed in various areas, such as engineering, computing and design. However, these tools are not widely used yet. This paper presents an overview and a classification study of more than 40 tools with qualitative criteria. The criteria included, for example, the year of development, the accessibility of tools, the facilitated steps of the process or their contribution to sustainability. The classification shows that certain steps of the process and their challenges are well addressed by the tools, while other steps are not. The presented results contribute to the proposal of an improvement of the state of the art, and they build the foundation for future theoretical and practical analyses. These findings could contribute to increasing the implementation of biomimetics in various disciplines in the long term.
Introduction
Biomimetics applies principles and strategies from biological systems to engineering and technological products, processes and design in general. The potential of biomimetics is considered to be boundless, 1 and its significant scientific, societal and economic impacts will have benefits to the quality of life. 2 The rate of research publications on biomimetics has been increasing over the past years and has reached nearly 3000 papers per year, indicating that biomimetics is becoming a dominant paradigm for various technological disciplines, such as robotics and material sciences. 2 On the other hand, the number of commercially available biomimetic products is rather low (of 303 biomimetic cases, 28% are commercially available, 60% are in development, 8% are concepts and 2% are discontinued). 3 
Challenges for biomimetics in practice
According to Jacobs et al., 3 some of the reasons which account for the small number of biomimetic products on the market is the lack of a clear method, 4 the difficulties of interdisciplinary work and the complexity of biology as a model. In line with these aspects, studies on teaching students in biomimetics have shown key challenges with the process -that is, communication across discipline boundaries, analysis of problems to solve and identification and understanding of biological systems. 5, 6 Obviously, the process of biomimetics reveals gaps and challenges in Practice ( Figure 1 ). Practice is referenced in this paper as the use of biomimetics for product development and idea generation, focused on the industrial context. In order to generate appropriate biomimetic design concepts with a potential for commercialisation, these gaps need to be overcome.
Significant research has been carried out to facilitate the systematic transfer of biological knowledge to technology and to present methods (e.g. Badarnah and Kadri the process of applying biomimetics, but they rather differ from what the authors consider a tool, as they address a specific topic and not the process of biomimetics in general. This means that these processes can be used for a specific goal, but they do not describe a mean which facilitates the problem-driven approach to any possible problem. In this paper, a tool is clearly to be distinguished from a general biomimetic practice, which can be, for example, a field of research or development in the context of biomimetics. A tool is something differentiated with variables v1 and v2 (see Section 2.2) and is used in performing the different steps and underlying tasks of the biomimetic process in general. A tool also enables users to overcome the challenges that they face during the process (see Figure 1 ). For instance, AskNature 19, 20 is a tool which overcomes the first gap of the process by offering a database for identifying biological models. In contrast, the description of, for example, nextgeneration materials 16 is not considered to be a tool, as it does not facilitate the process of biomimetics for any given problem. It is rather a presentation of biological knowledge useful for biomimetic developments, which is of value for sure in solving engineering problems in the context of materials. But if what is aimed is, for example, opening and closing mechanisms in nature, such source of information does not help to identify biological models for the given problem. In order to identify tools in the context of this paper, the distinction has been made as described. The authors are aware that there is literature and research going on which offer valuable knowledge on biomimetics. Furthermore, the field of biomimetics and its community is very broad and many actors are involved in the topic. 2, 21, 22 The aim of this paper is to focus on tools in particular;
therefore, any research which did not fit the earlier mentioned definition is not considered.
Most of the existing tools have been described in the scientific literature, but were not widely used in the design of the 303 cases included in the BioM database. 3 Furthermore, as the research community is fragmented and involves many disciplines, 2,22 the development of these tools originates from different communities (such as the fields of scientific biomimetics, mechanical engineering, design, architecture, sustainability, creativity and innovation) with diverse areas of interest, research priorities and knowledge transfer practices. Although this diversity of disciplines contributes to the potential of biomimetics as an interand transdisciplinary approach, the knowledge and research findings are dispersed throughout academic, patent and popular literature.
Several notable publications have already summarised a subset of tools (e.g. Fu et al., 1 Vincent et al., 4 Stone et al., 22 Glier et al., 23 Goel et al., 24 Nagel and Stone 25 ), reviewed biomimetics for different users -that is, the scientific community 2 -carried out analytical studies with students (e.g. Helms et al., 5 Yen et al.
6
) or provided case studies of existing products. 3 But so far, no general overview of existing tools from the different disciplines and communities exists. Additionally, little work has focused on theoretical analysis of tools (see Fu et al., 1 Fayemi et al.
26
), and the development of highly effective tools which assist designers is emphasized. 27 It is therefore one aim of the present paper to give an overview of more than 40 existing tools which have been developed to facilitate and support biomimetics.
Furthermore, the results of a qualitative classification analysis are presented. The authors consider such a classification a way to gain insight about reasons for the lack of broad access. Figure 1 . Gaps in the biomimetic design process and their underlying challenges 3, 5, 6 beneficiaries of biomimetics, it is almost impossible to train each of them in specific tools by the developers themselves. And one could assume that people interested in the topic might not have the skills necessary to access the scientific literature fully. Therefore, an overview of tools combined with a first approach of classifying and analysing them as a contribution to overcome the earlier mentioned gaps is highly needed. The presented theoretical analysis is an exploratory classification of existing tools. It does not test a specific hypothesis; instead, the aim is to use the data to build the foundation for further investigation and to establish hypotheses. This is a work in progress, and it will be combined with practical and further theoretical analyses. The authors also aim to clarify the beneficiaries of biomimetics. In general, biomimetics can be used in both the academia and industry, and the knowledge transfer from the academic field to the industrial application is key to foster success stories. Little research has focused on an audience analysis of biomimetics to identify differences in teaching and training methods. Furthermore, the development of tools did not differentiate potential users -that is, to raise the question of whether students might need tools other than those used by the designers from the industry. The authors consider this a necessary field of research, which is ongoing, but the presented analysis of tools may help to identify tools specific for certain target groups and how they can use appropriate tools for their own projects. The results presented are considered to be a state of the art of the existing tools, which will evolve in the future by including further and upcoming new tools.
Methods

Identification of existing tools
To identify existing tools of biomimetics, a literature review was carried out. A variety of search terms, including 'biomimetics', 'biomimicry, 'bioinspiration', 'biologically inspired design' and 'bionics', in combination with the search term 'tool', were used to screen the literature. The use of general Web-based resources for journals and conferences were not helpful for several reasons.
■ The tools of interest derive from several disciplines; therefore, diverse operational terms are used which scatter the literature. ■ So far, no commonly used or standard keywords exist for tools in particular to enable the identification of appropriate literature. ■ Therefore, although several search terms were tested, the results of a text-based search were not satisfactory -that is, known literature about tools was not discovered. ■ Some tools are not described in the scientific literature.
In order to identify as many tools as possible, most of the tools were gathered by hand by using the snowball principle. The focus of this study was the identification of tools that specifically address the process of biomimetics and not, for instance, other creativity tools which could be used for the process of biomimetics as well, but which were originally developed for other purposes. As biomimetics spans several fields of application, the authors did not narrow down the search by discipline from which the tools were derived or for which field of application their use was intended. Therefore, the identified tools and methods presented are the results of this search, and there was no further differentiation about, for example, the maturity of the respective tools. The authors emphasise the following limitations of the search approach. First, as the search was carried out by hand, the overview is not considered to be exhaustive. Second, some tools clearly labelled as designed for biomimetics or in the context of biomimetics -for example, by their title or description -were included in the overview, even though their content was not described in the scientific literature (e.g. Biologically Inspired Problem Solving (BiOPS) 28 ). These tools were identified through general Web searches or were known by the authors due to their background and their networks. Third, as some tools which were added to the overview are available only in German, it is to be expected that other tools may exist in a language not manageable by the authors, and therefore, they were overlooked. These are unavoidable limitations of the information that is currently available; however, the authors assume the presented set of tools, designed for biomimetics, to be representative.
Qualitative analysis: definition of variables and
classification of tools Although existing tools and methods have been described and compared in the literature (e.g. Fu et al., 1 Stone et al., 22 Glier et al., 23 Goel et al., 24 Nagel and Stone 25 ), a comparative evaluation of existing biomimetic tools has been described in only two publications. Fu et al. 1 The classification of each tool was done based on the literature or other available resources -for example, websites or handbooks. Therefore, it describes an extract from published data. The classification was done by the first author, and it was verified by the second author. Both researchers agreed on the classification. A subset of tools (n = 6) was classified only by the first author as these tools were not commonly accessible owing to language-related issues. The BioM Innovation database 3 was used to gather data on the usage of different tools in practice.
The limitations of this classification are, first, some tools were classified only by the first author. It was decided to include these tools so that the overview is as extensive as possible. The verified classification of 37 tools led to a clear understanding and description of the variables and their categories. Therefore, it is to be expected that the classifications of the six singly classified tools are comparable to the rest. More critical variables in terms of subjective interpretation were excluded and will be used in further studies which shall involve feedback from the developers of tools themselves. Furthermore, the development of a model of classifying and analysing tools semi-quantitatively is in progress. Most of the tools require deeper understanding and/or training. In order to describe the value of these tools, their use could be examined in workshops, as, for example, described by Glier et al., 30 which is an ongoing research. The presented results build the foundation for these analyses.
Description of variables
Ten variables were defined for a qualitative classification. They serve to describe the characteristics of the tools, what type of tool they are, which step of the process they facilitate, how they are accessed, whether they contribute to the field of knowledge in biology or technology, whether they can be used as stand-alone or depend on other steps, whether they were used in case studies and whether they are developed to address sustainability issues. 
v2: type
According to the earlier mentioned definition of a tool, existing tools were classified as something used in performing or supporting the process of biomimetics. This something was differentiated as database/static list/catalogue (DSC), taxonomy, thesaurus, ontology, algorithm or method. These terms are defined as follows.
A DSC is a collection of biological organisms, biological characteristics, biological construction principles, biological functions or the like. This list changes or evolves only if updated.
A taxonomy is an orderly scientific classification categorising certain principles.
Thesauri aim at facilitating communication. They function as a type of dictionary, translating biological terms into their technological equivalents and/or vice versa.
Ontologies in the present context aim to categorise biological principles and abstract the diverse phenomena of biology into descriptive functions. Tools classified as ontologies in this paper encompass those which are already implemented as an ontology.
An algorithm is an automated procedure for solving a certain task in a finite number of steps. In the context of this study, tools were classified as algorithms if they describe a set of steps which help to complete a task of the biomimetic process. It is not necessary that these tools are implemented as software.
A method describes a way of doing a task during the process of biomimetics.
v3: facilitated step of the process
The problem-driven process of biomimetics is described with eight steps (see Section 2.3.1).
The steps of the process refer to the classes mentioned under v1: analysis tools (step 1 or step 5), abstraction tools (step 2 or step 6), application tools (step 4 or step 8) and transfer tools (step 3 or step 7).
The overview of the steps given for v1 shows that each class covers two steps of the process; therefore, v1, class, and v3, facilitated step of the process, are closely connected. As tools may exist which belong to a certain class but facilitating only one of the steps of the process, these two variables were distinguished. For instance, there may be application tools which facilitate the identification of potential biological models (step 4), but they do not facilitate the implementation in technology (step 8).
The distinction between v1 and v3 allows the identification of the number of tools facilitating certain steps of the process. This analysis will enable the identification of lower or higher representations of tools for certain steps and may indicate further developments of tools.
If tools facilitate more than one step, they were accounted for each step -for example, structure-function patterns 23 may serve as keywords for the search of biological models (step 4) and they can assist designers to abstract biological systems (step 6).
v4: approach
In most cases, it was not specifically indicated by the developers whether the tools were developed for the solution-based 7 or problem-driven 5,31 approach of biomimetics. The tools were therefore classified according to their potential usage for one or both of the approaches. As several steps of both approaches and their underlying tasks are similar -for example, the communication across interdisciplinary boundaries -tools facilitating these steps were classified as being for both approaches. A tool which is classified as for the solution-based approach only can be used, for example, for the idea generation of biologically inspired designs rather than for facilitation of a concrete transfer of biological strategies to generate a solution for a concrete problem, as would be necessary for the problem-driven approach. If a tool is classified as being for the problem-driven approach only, it focuses on finding biological models for a defined problem and therefore does not facilitate the solution-based approach.
v5: accessibility
To describe whether a tool is accessible, the tools were classified as (a) freely available literature and/or computational tool (opensource), (b) available but with limitations -for example, as a demo version only (limited) or (c) commercial if they can be purchased.
v6: availability
In contrast to accessibility, tools were furthermore classified according to their origin, as an online hosted, a printed or a software version.
This variable serves to give insight about the overall availability of the tools. Therefore, when a tool was described in the literature and was also online hosted, it was classified for the online hosted version as this emphasises its availability.
v7: field of knowledge
It was distinguished whether the tools and/or their usage addresses the body of knowledge in either biology, technology or both fields. If a tool is related, for example, to the field of knowledge of biology, it contributes by, for example, structuring, relating or clustering biological knowledge and therefore contributes to deeper insights in biology.
v8: dimension
For the description of the dimension of a tool, it was classified whether the tool can be used as a stand-alone tool, whether it needs a previous step or whether it facilitates the following step, in order to point out the interconnectedness of tools.
v9: sustainability
This variable was introduced in order to clarify whether a tool was specifically developed to increase the impact of biomimetics on sustainable and responsible innovation.
v10: proof of concept
If a tool was used for the development process of a product, as far as known from the BioM innovation database, 3 it was classified positively with a proof of concept. Tools which were evaluated in case studies (theoretical or practical ones) in literature have also been classified as yes. Otherwise, they did not have a reported proof of concept so far. Table 2 shows the overview of the 43 identified tools and methods which were developed to facilitate the process of biomimetics. They are presented with the year of publication or their documented development, a brief description and references to the source of publication. The overview is in chronological order of their development.
Results and discussion
Overview of existing tools
The search for tools identified some procedures -for example, BioGen 7 or the concept-knowledge design theory 79 -considered to be able to facilitate the process of biomimetics. These were not included as they do not particularly fulfil the definition of a biomimetic tool.
As mentioned before, the presented tools are derived from various disciplines. Therefore, the presentation of these existing tools is the first collection and overview at hand, which enables the reader to get to know this diversity of tools and to use them potentially in the future. The brief description of the tools is considered to help the reader understand the overall aim or context of the respective tool, so that the reader may decide whether to learn more about the tools with help of the references. Together with the results of the qualitative analysis of existing tools, a structured presentation, the interconnectedness of the tools and the mapping of tools to the process of biomimetics are given. These first steps of the analysis of tools are a state-of-the-art description of tools facilitating the process, and they outline the complexity and broadness of the problem-driven process of biomimetics. Furthermore, they build the foundation for future research, which will focus on the usability of tools in Practice, as elaborated in Section 3.3. 
Qualitative analysis
The full classification of six tools as an example for each type of tool is shown in Table 3 . The charts and graphs in this section summarise the classification of the existing tools. In addition, cross-connections between variables are presented. Figure 2 shows that over the past decades, tools have been consistently developed, with an increase in the number of tools in 2014. The graph does not give insight into whether the developed tools were an update or improvement of an existing tool or a new development.
Development of tools: 1987-2015 (n = 43)
It is assumed that recent tools consist of newer knowledge on biomimetics. However, as scientific literature on biomimetics reached a peak with nearly 3000 publications per year in 2013, 2 it remains an open question whether this knowledge has influenced the development of tools facilitating the process of biomimetics. There do exist methods of a structured way of extracting principles from, for example, the body of biological literature for several purposes, 74, 80 and these approaches could be adapted for this endeavour.
In order to identify more tools in the future, it would be helpful to have commonly used keywords and a clear naming of tools.
Classes of tools (n = 43)
If tools facilitate various steps of the process, they were counted for each class respectively. Most of the analysed tools serve as transfer (33%) and application (37%) tools, while in comparison, analysis (12%) and abstraction (18%) tools are less represented. All four classes cover two steps of the process and focus on tasks in the field of technology or biology. In future research, the following shall be analysed: how existing tools are used at present, where challenges remain, which users' needs exist and whether the usage of tools fosters the success of the respective steps.
Type of tools (n = 43)
Thirty-seven per cent of the analysed tools are DSC. According to their basic definition, they change only if updated and offer a prescribed amount of knowledge. Considering the increase of scientific literature, 2 existing databases or catalogues have the potential to evolve and grow over time. However, this is a very time-consuming task, so other tools apart from databases were developed to screen scientific literature and update automatically (e.g. Kaiser et al., 71 Vandevenne et al.
81
).
Only one taxonomy was identified, which is the Biomimicry Taxonomy. 19, 51 This taxonomy categorises biology in terms of function and helps to address biology.
Two thesauri were identified. 28, 55 As the communication across interdisciplinary boundaries is one of the described challenges, 6 these tools were designed to overcome this challenge and to bridge the gap between disciplines (see Figure 1) . Step 4
Step 3
Step 3 and step 4 Step 4
Step 4
Step In this study, three ontologies were identified. The ontologies focus on describing nature with abstracted functional principles 51, 66 and serve different objectives; one of these is the Ontology Explorer. 68, 69 Algorithms (30%) and methods (19%) both address a systematic way of performing a certain step of the process.
Some tools and methods are developed with cross-links to other tools (e.g. Vandevenne et al., 59 Kozaki and Mizoguchi
68
). This aspect points out the potential for co-creating tools. Further research is needed to elaborate on this idea.
Application to biomimetic approaches (n = 43)
All classified tools facilitate the tasks of the problem-driven approach, and in addition, more than half of them can be used for the problem-driven approach only. The other half can be used for overlapping tasks of both approaches. This indicates that there are several tasks in both approaches which are similar and can be facilitated by existing tools. Interestingly, 33% of the BioM case studies were based on the problem-driven approach, which the authors consider to be of more relevance to industry needs. The communication of existing tools might foster their usage in Practice.
No tools were identified which facilitate the solution-based approach only. Such tools could focus on the systematic knowledge transfer from biology to technology, and they could help to access and structure scientific biological knowledge about certain models. Furthermore, such a strategic approach could strengthen the role of biologists and their expertise in biomimetics, which is crucial for the process. 82 As shown with the BioM database, 3 55% (41 out of 75) of the analysed case studies were derived from the solution-based approach, which means mostly serendipity. Tools focusing on the solution-based approach could shift serendipity to a more deliberate way of accessing biology.
Existing ontologies or catalogues of biological principles already contribute to this aspect; further development could focus on presenting clusters of multifold developments of nature, combined with underlying deep patterns, or presenting individual biological role models with their specific characteristics and phenomenafrom the perspective of a solution-based approach. This has already been proposed, 83 and several works have focused on various aspects (e.g. Helfman et al., 74 Cheong et al., 84 Hoeller et al., 85 Yen and Weissburg
86
). As mentioned before, a co-creation could contribute to this task -for example, the functional modelling of biological systems could be included.
Facilitating steps of the problem-driven approach
of biomimetics (n = 43) Figure 3 shows the mapping of existing tools to the steps of the problem-driven approach of biomimetics and is closely connected to the classes of tools. Tools which facilitate several steps were counted for each of the steps.
ANALYSIS STEPS
Step 1 of the problem-driven approach of biomimetics is facilitated by four tools. This step serves in analysing the problem. One of the main challenges in biomimetics is defining the problem well enough (e.g. Yen et al.
6
) before engaging in the process of biomimetics. One could assume that the usage of tools developed particularly for this step could help to overcome this challenge. It is not necessary that such tools be derived from the community of biomimetics; they could come from other disciplines -for example, the TRIZ community.
Step 5, which serves the analysis of biological models and their selection, is facilitated by four tools.
Step 5 is a crucial step and further development could help to increase the implementation of biomimetics by bridging the second gap of the process (see Figure 1 ).
ABSTRACTION STEPS
Step 2 and step 6 serve the abstraction of the technical problem or the biological strategy, respectively. Both steps are facilitated by a small subset of tools (step 2: n = 7; step 6: n = 12). It remains an open research question whether these two steps may be facilitated by tools or whether they are mostly dependent on the expertise from individuals of both fields. The authors consider the abstraction a learning process and a new way of thinking about, for example, biological systems, as the abstraction reduces principles of living systems, for example, to their underlying physical-chemical properties in order to make these principles applicable in non-living technical systems. Abstracting biological principles is one of the two most challenging tasks during biomimetics, next to the identification of biological systems. 74 Tools facilitating this step in particular can help to overcome this challenge.
TRANSFER STEPS
Twenty-five tools exist which facilitate step 3 and step 7, the transposition from technology to biology and vice versa. These steps
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Step 7
Step 8 Figure 3 . Steps of the problem-driven approach of biomimetics facilitated by classified tools are important for bridging both fields of knowledge. Further practical analysis of these tools could measure their impact and their usage.
APPLICATION STEPS
Step 4, identification of biological systems, is facilitated by the highest number of tools (n = 21). The identification of biological systems seems to have been one of the most prominent steps to work on, as it is the second of the two most challenging tasks. 74 Therefore, many tools have been developed to facilitate this step.
As most of the biological species on this planet are still to be discovered and described, the identification of biological models out of the scientific literature remains an ongoing process. This fact also strengthens the necessary role of biologists in the field of biomimetics.
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Step 8, implementation and test in the initial context, is facilitated by only one tool and is closely connected to the problem space and the technological application. Therefore, tools from other disciplines may be included to facilitate the steps, not necessarily deriving from biomimetics in particular. Figure 4 presents the number of tools, distinguished by their type, which facilitate the different steps of the process. It is shown that DSCs and algorithms cover steps 2-7 of the process, while DSCs can also be used for the analysis (step 1) and implementation step (step 8). So far, methods are mainly used not only for the abstraction steps of the process, but also for the selection of a biological model (step 5).
Field of knowledge (n = 43)
The knowledge in both biology and technology usually increase during the process of biomimetics as they are connected in a heuristic spiral. 87 At present, around one fifth of the tools contribute to the knowledge about biological systems, while 37% of the tools contribute in particular to the area of technology. 42% contribute to both fields. Further research on the underlying principles of knowledge transfer in biomimetics could contribute to a better understanding of needs and how to overcome them. This aspect could lead to a deeper understanding of the process in Practice and may lead to an improvement of the state of the art. 
DSC
Step 1
Step 2
Step 5
Step 8 Figure 4 . Type of tools facilitating the eight steps of the problem-driven approach of biomimetics. The size of the bubbles indicates the number of tools 3.2.8 Proof of concept (n = 43) Seventy-seven per cent of the classified tools were tested in theoretical or practical case studies, as described in the respective literature. Theoretically, the tested tools have shown their potential for usage in the process of biomimetics, but as mentioned before, they do not seem to be used widely. 3 Only the AskNature website 20 was mentioned in interviews with the developers and then mostly as a means of motivation to explore their own process. 3 Further research on the impact, successes and challenges of single tools in Practice could contribute to the improvement of the state of the art. This research could be done by workshops or interviews with industrial partners.
Dimension (n = 43)
It has been reported that the process of biomimetics is not linear, but rather consists of feedback loops and iterations (e.g. Badarnah and Kadri, 7 ISO, 10 Baumeister et al.
11
). This statement is strengthened by the classification, as 60% of the tools facilitate next steps, need previous steps or do both. Forty per cent of the tools can be considered to be stand-alone. It could be tested whether the stand-alone capacity could foster the usage and the impact of respective tools. Future analyses shall be used to clarify the impact of the interconnectedness of tools on the process. It could also be analysed whether the classified tools were developed individually, so that the state of the art could be improved if interconnected steps and their tools are taken into account during the improvement of existing or the development of new tools.
Further studies will focus on the connectedness of tools and their potential interdependencies. Practical analyses, such as workshops, shall follow, be it on teaching students or for training of beneficiaries from the business sector. Further research needs to be done in order to identify different needs and gaps, in order to check the appropriateness of tools for different audiences (e.g. Fu et al. 
Sustainability (n = 43)
Five of the 43 analysed tools were developed with the objective of addressing the environmental sustainability of biomimetic concepts in particular. The contribution of biomimetics to more sustainable innovation is discussed in various aspects (e.g. ISO, 10 Reap and Bras, 80 De Pauw et al., 88 Reap et al., 89 Mead 90 ), and in this classification, no detailed analysis was performed. It was only distinguished whether the tool itself contains aspects which address particularly the environmental sustainability of the target concept. Still, research on how to assess the impact of biomimetic concepts on environmental sustainability is ongoing (e.g. Antony et al.
91
). Once more tools are identified which address sustainability in particular, further research could evaluate how to include the potential of biomimetics for sustainability in the whole process and at certain steps.
Use of tools in Practice and outlook
As shown in Figure 5 , tools can be used for the process of biomimetics. Most of the tools were developed individually and independently, whereas with the presented work, the authors aimed to point out that these tools can be used together in practice (see also Fayemi et al. 26 ). Variable v10, proof of concept, shows that more than three out of four of the presented tools have been analysed in theoretical or practical case studies to show their value. If one wants to implement biomimetics in Practice and is facing several challenges (as shown in Figure 1 ), the respective tools can help to overcome those challenges. Figure 5 shows an example of how to make use of the presented tools in practice by using them at certain steps of the process.
This general example gives a generic overview about how tools can be mapped to the process; it does not specify or analyse the problem which shall be solved through a bioinspired solution. Further analysis of the tools can help to assess the value of tools in Practice, which can be done, for example, through training of users and assessing their success with certain tools. The results of this research have led to a framework of the usage of tools. 92 Furthermore, ongoing research will help to assess the value of tools for certain problems, contexts and desired aims of the process -for instance, the aim for a functional optimisation of products or for a more sustainable product development. The following research questions will be addressed in the future.
■ How can the suitability for biomimetics for certain problems be assessed? ■ Which tools can be used to perform the defined tasks of the process of biomimetics? ■ How are the tools interconnected? ■ How can users be helped to choose an appropriate tool?
Conclusion
The presented study has given an overview of existing tools which facilitate the process of biomimetics and its problem-driven approach Figure 5 . Potential use of tools in practice. Tools can be chosen for certain steps of the process of biomimetics (see Fayemi et al. 26, 29 ) to facilitate the underlying tasks in particular. This overview has been lacking so far; this study is the first presentation of 43 tools with their connections to the process, and it presents the diversity of biomimetics in terms of research communities and their respective areas of interest. Not only do results from scientific biomimetics contribute to the process, but so do results from other linked disciplines, such design, engineering, product development, creativity or cognition. This diversity is the product of the complexity of biomimetics, which the authors consider to be challenging, particularly for non-experts, but with significant potential for closer collaboration of research areas and stronger interdisciplinary and, more importantly, transdisciplinary co-operation and communication, as well as a fostered knowledge transfer between the academia and industry. Therefore, the presented overview forms the foundation for a broader usage of the tools as potential users find a summary of the scattered tools. In addition, based on this overview and the first analysis which shows the interconnectedness of tools, further research can be performed -for example, through workshops and interviews which help to identify the value of certain tools. This is ongoing research. Furthermore, it was shown that the analysis of tools may lead to improvements of the state of the art, which can be achieved only collaboratively.
The presented work is in progress and is the foundation for a future theoretical statistical analysis. Such an analysis can also encompass analyses of target audiences and their needs, in order to foster the implementation and usage of biomimetics and its tools in education and application. Further theoretical analysis of existing tools is planned in order to identify the principal characteristics of the tools and the underlying patterns of their objectives, successes and drawbacks. Future work is also considered to take into account feedback from the developers and from beneficiaries. This analysis is supposed to draw conclusions for the current process of biomimetics and for the development of new tools. It will be interesting to see how existing and new tools will address current challenges and how they will be designed in order to support different groups of users.
With an increase of research and development in biomimetics in various disciplines, the authors look forward to the option that the well-known potential of biomimetics to become a paradigm in several technological disciplines 2 might be expanded to other fields of research and application. This could lead to an increase in nature-inspired solutions to address the most challenging problems of the present time.
